The cause for the end Permian mass extinction, the greatest challenge life on Earth faced in its geologic history, is still hotly debated byscientists. The most significant marker of this event is the negative 13
Introduction
The end Permian was the greatest natural catastrophe expe-rienced by life on Earth with its impact recorded in terrestrial and marine rock archives. About 90% of marine species, 70%of terrestrial vertebrate species, 30% of insect orders andan indeterminate percentage of terrestrial and marine plantssuccumbed during this catastrophe (e.g., Erwin, 1994; Brandet al., 2012) . This devastating mass extinction on Earth becamethe foundation for the rise of Mesozoic marine and terres-trial life. Important considerations of the end Permian massextinction are documented by a dramatic and global negativecarbon isotope excursion (Fig.  1) , and (1) the close connec-tion in the demise of the marine and terrestrial fauna and flora (e.g., Schneebeli-Hermann et al., 2013) , (2) the rapidity of theonset of this catastrophe (e.g., Brand et al., 2012) , and (3)the tight age constraint for the end Permian extinction event(e.g., Burgess et al., 2014) . Numerous causes have been pro-posed for the catastrophic end Permian mass extinction, whichmay have acted alone or in concert, but with many researchersfavoring a tangled web of interacting and related causes andeffects such as global warming, anoxia and/or acidification (e.g., Wignall and Hallam, 1992; Cao et al., 2009; Clarkson et al.,2015) . This global event is increasingly associated with theSiberian Trap volcanism and emission of the greenhouse gasCO2leading to global warming (e.g., Svensen et al., 2009; Schneebeli-Hermann et al., 2013) . Some suggest that methanefrom a variety of sources may have played a supporting role (Berner, 2002; Retallack and Jahren, 2008; Brand et al., 2012) ,while oceanic anoxia was a minor and/or local player (e.g., Brandet al., 2012; Garbelli et al., 2015) , and acidification only playeda role during the [Digitare qui]
Early Triassic (e.g., Clarkson et al., 2015) .Carbonates may contain gas trapped in minuscule inclu-sions that are readily released during crushing and subsequentlymay be analyzed by mass spectrometer for their gas make-upand compositions (e.g., Blamey, 2012) . If the gases in theseinclusions were trapped during formation/precipitation of thecarbonate and remained sealed/vaulted in the inclusions, thenthey may represent seawater-dissolved gas, and with Henry'sLaw and mass balance calculations, we may establish a linkbetween the hydrosphere and atmosphere (Brand et al., 2015b) .Brachiopods are ideal archives because they precipitate low-Mgcalcite shells that are resistant to post-depositional alteration (Brand and Veizer, 1980; Brand, 2004) , and they incorporatecarbon and oxygen isotopes into shell calcite in or near equi-librium with ambient seawater (cf. Lowenstam, 1961; Brandet al., 2013 Brandet al., , 2015a . Furthermore, to reflect ambient environ-mental oceanographic conditions, biogenic carbonates includingbrachiopods must incorporate dissolved gases and water intoshell calcite inclusions from seawater without modification ofthe normal atmospheric equilibrium parameters (NAEC; Fig. 2 ). Inclusions, microstructural defects manifested as pore, in modern brachiopods (Griesshaber et al., 2007, fig. 2; Goetz et al.,2009, fig. 2b ) and in the end Permian brachiopod Comeli-cania sp. indet. (Fig. 3 ) may be quite small. Even smallerpores (nanostructural defects) are observed in some brachio-pod shells (Fig. 4A ) and probably quite applicable to themicron-sized micrite in whole rock, are sufficiently ubiqui-tous (Fig. 4B ) to satisfy the volume requirements demandedby the standard operating protocol of the analytical crushfast-scan mass spectrometry (CFS-MS) method for measur-ing trapped gases in inclusions. Gas and fluids with dissolvedgas may be trapped during the depositional growth phaseand/or the early diagenetic stage degradation of the organic tis-sue covering brachiopod fibers and micrite crystallites (Emig,1990) .Our objectives are, (1) to characterize the gases in modernbrachiopods and coral and use them as references and baselinesfor evaluating gases measured in the end Permian brachiopodshells and whole rock, (2) decipher the atmospheric and oceano-graphic conditions leading up to the end Permian event, and (3)identify the ultimate source/trigger for the catastrophic globalwarming and climate change event during the biggest massextinction in Earth history. 
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C excursion, faunal disappearances and gas compositions about the end Permian (GSSP section at Meishan, China). Atmospheric greenhouse gas was dominated by CO2 prior to the event with a sudden surge in CH4 during the latest stage leading into the event. Stratigraphy of Meishan section is from Yin et al.(2001) , whereas faunal decline and carbon isotope trend are from Jin et al. (2000) , and duration of the mass extinction period is from Burgess et al. (2014 (Brand et al., 2013) and from Indonesia (Azmy et al.,2010) . The fossil shallow-water brachiopods and whole rockwere collected from the uppermost Permian Bulla Member ofthe Bellerophon Formation and Tesero Member of the WerfenFormation, northern Italy (Brand et al., 2012) .
Microstructural analysis
All material was cleaned of surface contaminants and theperiostracum, while fossil brachiopods were extracted from theenclosing whole rock, and further cleaned by physical and chem-ical means (cf. Brand et al., 2012) . Fossil brachiopods werecut longitudinally and thin sectioned for etching with 5% HClfor 20 s and subsequent metallic coating. Microstructures wereinvestigated with a Cambridge S-360 scanning electron micro-scope (SEM) at an accelerating voltage of 20 kV.To visualize the presence of micro-(>1 _m) and nanopores(<1 _m) created by degradation of biopolymer membrane andfibrils in modern brachiopods, shell fragments were mountedon 3 mm thick cylindrical aluminum rods. The samples werethen cut with a Leica Ultracut ultramicrotome with glass knifesto obtain a plane surface. Subsequently, surfaces were pol-ished with a Diatome diamond knife by stepwise removalof layers with successively decreasing thicknesses (90 nm,70 nm, 40 nm, 20 nm, 10 nm and 5 nm; each step was repeated15 times). The highly even surface was etched between90 and 120 s with a 0.1 M HEPES solution adjusted to apH of 6.5. Etching of the carbonate mineral was accompa-nied by fixation of organic components with a solution of2.5% glutaraldehyde. Etching and fixation were completedby dehydration of samples in 100% isopropanol alcohol; 3times for 10 s each. Subsequently shells were critically pointdried in a BAL-TEC CPD 030 (Liechtenstein), then rotarycoated with 3 nm of platinum and imaged at 4 kV using aHitachi S5200 field-emission scanning electron microscope(FE-SEM). Biopolymer decomposition was carried out with laboratory-based hydrothermal alteration. Shell pieces were placed in aTeflon liner together with 25 mL of meteoric solution. Subse-quently, the liner sealed with a Teflon lid was introduced into astainless steel autoclave, sealed again, and placed in an oven at175•C for 14 days. This laboratory procedure quickly destroysthe organic tissue covering the fibers and the organic fibrilswithin them, and gaps and voids between and within the fibersbecome readily visible (cf. natural decomposition, Emig, 1990; Supplementary Figs. 1, 2) . Samples were also inspected by cathodoluminescence (CL)using a Nuclide ELM2 cathode luminoscope operating at 10 kVand 5-7 mA. Trace chemistry and stable isotope analyses andresults are well described in Brand et al. (2012) .
Analytical gas method
Modern and fossil brachiopods and whole rock were mea-sured for inclusion gas in their calcite fibers (secondary layer) and columns (tertiary layer) by mass spectrometry. Extractionand analysis of volatiles were performed by the crush-fast scan(CFS) method (Norman and Blamey, 2001; Blamey, 2012) , andat room temperature it offers low detection limits (1.2e−15 mol,2σ) with negligible blank readings (<4.14e−14 mols CH4to>1.0e−16 mols Ar).Prior to analysis, the crushing area and bellows of the crusherwere cleaned with potassium hydroxide. Any potassium hydrox-ide residue was removed by swabbing with deionized water, followed by an isopropanol wash and air-drying. Subsequently, the crushing chamber was baked at 150•C for 72 h prior to load-ing the first sample. Furthermore, the mass spectrometer's (MS)chamber was baked-out at 150-200•C overnight followed bycooling to room temperature prior to analysis of samples. TheMS chamber is isolated from the crushing area that holds thesample material, which affords the ability to bake out the formerevery evening. This procedure prevents heating of samples in thecrushing chamber while allowing the removal of gas adheringto or trapped interstitially in the sample material by vacuumpumping.Samples the size of a match head (e.g., ∼100 mg) werecleaned with KOH then air-dried at room temperature. Sampleswere then loaded into the crushing chamber and held under vac-uum (∼10−8Torr) for 18 h. During the analysis phase, sampleswere crushed in swift increments, with each crush producinga
burst of mixed volatile gas that is individually analyzed. Atypical sample size of about 100 mg (one or two 3-mm grains) releases four to ten bursts of volatile gas (up to ∼2 × 10−11mol)into the MS vacuum chamber, where it remains for 8-10 ana-lyzer scans (∼2 s) before removal by turbo pump. This methoddoes not require a carrier gas and volatiles are not separated fromeach other but released simultaneously into the chamber. The MS was calibrated using Scotty Mini-mix commercialstandard gas mixture, synthetic inclusions filled with gas mix-tures, and three in-house fluid/gas inclusion gas standards asdescribed by Norman and Blamey (2001) . The Minimix gasmixture has a 2% error in the value of the secondary gas mixedwith nitrogen. Detection limits are described, in detail, for the analytical pro-cess by Blamey et al. (2012) . The analytical error (one sigma) is determined from multiple analyses of the NB-84 internalstandard for carbon dioxide (Appendix). Errors for other gasesare determined by multiplying the CO2error by the ratio of theCO2sensitivity factor (see Blamey et al., 2012) and by the sen-sitivity factors for the other gases. Error relative to the reportedvalue for CO2of 13.0%, Ar is 11.4%, O2is 15.8%, N2is 7.1%,CH4is 8.2%, He is 11.6%, and H2is 3.0%.Conversion of mass spectrometer current readings (amps) togas concentration (moles) was achieved by analyzing the majorgas contents of 1 _L capillary tubes containing atmosphere at lab temperature and pressure (Norman and Sawkins, 1987; Appendix) . The tube was crushed in the crusher chamber in thesame manner as the samples. The number of moles of nitrogen (obtained using PV = nRT) was equated to the measured cur-rent. The equivalence determined at the time of measurementof meteorites was 1680 amps per mole (Blamey et al., 2015) .The uncertainty in measurement was less than 1.8%. Blank cur-rent was about double that of background current. The standarddeviation of the mass spectrometer's signal to noise ratio at mass15 background was 1.196e−13. Overall, analytical gas signalshave precision of better than 0.5% (1σ), and gas content of inter-nal standard NB-84 is within 1% of reported contents (Blameyet al., 2015) .Each sample gas burst was analyzed for H2, He, CH4,N2, O2, Ar, and CO2, using two Pfeiffer Prisma "residual-gas" quadrupole mass spectrometers operating in fast-scan,peak-hopping mode at room temperature. A total of 37 gas mea-surements were made on seven modern biogenic samples, and atotal of 44 gas measurements were obtained on six end Permianbrachiopod and whole rock samples. A total of 81 normalizedgas measurements (weighted by gas burst size) reported in mol%are listed in the Appendix.
Diagenetic screening
The physical evidence supports the presence of suitable pores (Figs. 3, 4) but that is only the first step in the evaluation pro-cess. Furthermore, we must establish that the gas contents ofbrachiopod and other marine archives reflect NAEC of gasesin seawater and consequently of the atmosphere. A plot of gascontents of several modern brachiopods and one coral shows thatthey indeed reflect equilibrium seawater and atmospheric com-positions, which confirms their potential as archives of trappingenvironmental gases for paleo-atmospheric gas reconstructions (Fig. 2) .Preservation of fossil biogenic and abiogenic material mustbe established to document their reliability as carriers of NAECgases. Petrographic (including CL), microstructural, trace chem-istry and stable isotope evaluations are conducted to assess thepreservation state of carbonates (cf. Brand and Veizer, 1980) . Microstructural evaluations of the end Permian brachiopodComelicania show the excellent preservation of fibers withintheir secondary layer as well as that of the growth-incrementmarked calcite columns of the tertiary layer (Fig. 3) . This sug-gests that the shells of the brachiopods are preserved in theiroriginal low-Mg calcite mineralogy (cf. Brand et al., 2012) . Inaddition, the SEM micrographs show the presence of micropores (microstructural defects) in both types of calcite of thebrachiopods; potential sites for trapped fluid and/or gas (Fig. 3) .The supplementary figures allow for the precise positioning andcontext of the pores within brachiopods shells (SupplementaryFigs. 1, 2).Additional screening was carried out using trace element andstable isotope distributions. The Sr/Mn ratios suggest that all brachiopod samples are better preserved than their enclosing wholerock. In contrast, the carbon isotope composition with its higherresistance to alteration suggests that the selected brachiopods and whole rock are the most pristine (solid symbols, Fig. 5 ; Brand and Veizer, 1980) . Furthermore, the similarity in the gascontents of the brachiopods and whole rock suggests that alter-ation (diagenetic, biochemical) was inconsequential for the sixarchives chosen from the end Permian of northern Italy (Fig. 6) . C values are used to discriminate between altered and preserved carbonates (cf. Brand and Veizer, 1980) . Samples in solid colors were chosen for gas analysis based on preservation status (geochemical and microstructural evidence).
Gas classification
Further screening was conducted to test for the reliabilityin retaining NAEC of gases with the passage of time in thecarbonates. Gas results of modern brachiopods plot in an areacharacterizing marine conditions in equilibrium with the atmo-sphere defined by CO2/CH4ratios ranging from 10 to 1000,and by N2/Ar ratios ranging from 35 to 130 (Table 1, Fig. 6 ),on the modified gas classification scheme originally proposedby Norman and Moore (1999) and Moore et al. (2001) . Fieldboundaries have been constructed to accommodate ranges ofgas measured in modern marine biogenic and abiogenic carbo-nates (1), for fresh-water carbonates (2), as well as carbonatesthat have experienced post-depositional (diagenetic) alteration(3), and gas concentration variations in marine carbonates withchanges in atmospheric (seawater) chemistry and water salinityand temperature (4), and changes in seawater chemistry influenced by bacterial carbonate reduction (Field 5, Fig. 6 ).In contrast to the modern biogenic carbonates (Field 1),the end Permian brachiopods and whole rock from northernItaly plot into Field 4 designated modified Marine [change inchemistry] characterized by secular changes in seawater andatmospheric gas chemistry (Fig. 6) . By virtue of their excel-lent preservation and constrained by their gas values withinField 4, the gas results from the end Permian samples shouldreflect ambient seawater/atmospheric conditions during time of formation.
[
[Digitare qui] (Table 2 ). Classification consists of five fields: Field 1 -Marine Carbonates: carbonates in gas equilibrium with seawater and atmosphere; Field 2 -Meteoric Carbonate: carbonates in gas equilibrium with freshwater system; Field 3 -Diagenesis: diagenetically altered material; Field 4 -modified Marine Carbonates: carbonates with gas ratios shifted due to changes in seawater chemistry; and Field 5 -modified Marine Carbonates: carbonates with gas ratios shifted due the change in seawater chemistry and bacterial carbonate reduction. Atmospheric CO2/CH4 -N2/Ar ratio included for reference; general gas classification scheme and magmatic field are modified after Norman and Musgrave (1994) .
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Carbon Isotope Excursion (CIE)
The negative carbon isotope excursion (nCIE) in marine car-bonates has been long recognized as an important marker of theend Permian (PT) event at Meishan, China and global localities, and it may vary by as much as 6.5‰ ( Fig. 1; e.g., Jin et al.,2000; Retallack and Krull, 2006; Brand et al., 2012; Garbelliet al., 2015) . However, its origin, source and duration remainproblematic (Berner, 2002) , and consequently, a definitive causeand mechanism for the nCIE and PT event still eludes us. Arecent study by Burgess et al. (2014) provided more precise ages and thus improved times for the onset, duration and offset of themass extinction event that are essential in better understandingthe reorganization of the carbon cycle and identifying a potentialsource for the trigger and kill mechanisms. Burgess et al. (2014) suggested, depending on sedimentation rate, the negative CIE shift and its rebound lasted between 2.1 and 18.8 thousand years, while slightly pre-dating the onset of the maximum extinction (cf. Brand et al., 2012) .
Note: N -number o f inclusion gas measurements. Table 1 Summary of weighted-mean gas concentrations (mol%) and ratios from gas inclusion measurements (Blamey, 2012; Blamey et al., 2015 Blamey et al., , 2016 Note: I -Indonesia; SI -Signy Island; FH1, FH2 -Friday Harbor; C1 to C3 -Huinay, Chile; N -number of gas measurements; T•C -ambient water temperature (Brand et al., 2013) . Table 2 Summary weighted-mean gas concentrations (mol%) and ratios from inclusion gas measurements (Blamey, 2012; Blamey et al., 2015) of end Permian (PT1, PT2, PT3) brachiopods and whole rock (PT wr-1 to wr-3; Brand et al., 2012 Brand et al., , 2013 Appendix 
Meishan -northern Italy CIE Trend
In conjunction with results from Meishan, precisely placedand well-preserved samples from the end Permian successionin northern Italy provide the requisite high-resolution database (Brand et al., 2012) to shed more light on the cause of the greatestmass extinction. Gas ratios of the end Permian samples fall intoField 4 (marine carbonates with changing chemistry, Fig. 6 ), andwith methane dominating the greenhouse gas content relative tothat of modern counterparts (Tables 1, 2) . A closer examina-tion of the time interval preceding the mass extinction clearlyshows a negative CIE of about 3.5‰ leading up to the majorevent at Meishan, and in part, in northern Italy (Fig. 7A) , whilea smaller but distinct negative _ 13 C excursion in the lower halfof bed 24e at Meishan is also recognized in the results from Italy( Fig. 7B ; cf. Brand et al., 2012) . These two negative carbon iso-tope excursions are designated 'Pulse 1' and 'Pulse 2', whichalso correspond to negative excursions of the brachiopod _18Ovalues from Italy (Fig. 7C , expressed in T•C). Based on the _18Ovalues of conodonts, water temperatures at Meishan remainedaround 25•C and reached higher ones only during deposition ofBed 26 and subsequent beds (Joachimski et al., 2012) , whereasthose from northern Italy based on shallow water brachiopodComelicania ranged from 30•C up to 35•C just before theextinction ( Fig. 7C ; Brand et al., 2012) . The water temperaturesassociated with Pulse 2 are sufficiently high (GMAT, Table 3 ) tocause stress for many tropical and polar organisms because oftheir poor acclimation capacity (e.g., Stillman, 2003; Peck et al.,2010) , leading to widespread lethal environmental conditionsand possibly mass die-off.The measured CO2/CH4ratios of the end Permian samplesare relatively low (Table 2 ) and essentially invariant but markedby two distinct pulses corresponding to the negative carbon andoxygen isotope excursions and warming trend pulses noted atMeishan and northern Italy (Fig. 7D) . The first gas pulse corre-sponds to the small but significant CIE noted in the lower halfof Bed 24e at Meishan and to corresponding levels in northernItaly (Fig. 7A, B) . The subsequent rise in the gas ratio may berelated to the rapid oxidation of some of the released methaneto carbon dioxide (Berner, 2002) . The second pulse and morepronounced fall in the CO2/CH4ratio document a significantupswing in methane emission just before the onset of the endPermian biotic crisis, which corresponds well with the world-wide observed nCIE and water temperature changes observedin northern Italy and Tibet (cf. Brand et al., 2012; Garbelli et al.,2015) .
End Permian atmospheric conditions
Generally, uncertainties of timing and duration of events limitthe interpretations of many important biologic/geologic events,including the end Permian mass extinction (e.g., Rampino et al.,2000; Posenato, 2009; Shen et al., 2010) . But this critical issueof time has been resolved with results from recent publicationsthat allow for the improved geochemical characterization ofthe source(s) for this most dramatic event (Brand et al., 2012; Joachimski et al., 2012; Burgess et al., 2014) . The issue ofambient gas content and concentration is resolved by the crushfast-scan method that measures gas trapped in tiny pores of selectmodern and fossil materials reflecting marine and atmosphericsystems (Tables 1, 2; cf. Brand et al., 2015a) . Consequently, onlythe best material with preserved NAEC of gases in seawater willbe used in characterizing the end Permian atmosphere (Field 4,Fig. 6 ).The greenhouse gas build-up prior to the PT event wasdriven by carbon dioxide emitted by Siberian Trap volcanicdeposits (e.g., Svensen et al., 2009) , and methane emissionfrom hydrates/clathrates is a leading contender for 'pushing'the global warming process over the sustainable limit (e.g., Retallack and Jahren, 2008) . Armed with pre-industrial atmo-spheric conditions, we note a gradual but rising shift in both CO2and CH4by the 1980s (Table 3 ). This time interval clearly definesthe relationship between atmospheric and marine hydrosphericconditions and those of the ambient biogenic and abiogenicmarine carbonates. [Digitare qui]
Model and measured parameters
A number of researchers modeled gas ratios for the end Perm-ian (e.g., Berner, 2002; Kiehl and Shields, 2005; Retallack andJahren, 2008; Brand et al., 2012) with contents ranging from1700 ppm to 3550 ppmv for CO2, and 'constant' 0.7 ppmv forCH4(during the end Perm (a), end Perm (d1), Table 3 ). A sup-plemental parameter of fixed CO2and variable CH4is added tothe discussion and this segment (end Perm (c), Table 3 ). Thereare potentially a number of concerns with these modeled atmo-spheric parameters, such as, (1) the mean global atmospherictemperatures derived from these parameters may not be highenough to bring about a biotic crisis, and (2) there was insuffi-cient negative carbon to produce the world-wide observed nCIEat the end Permian (e.g., Berner, 2002) .Two modeled parameters, 1 (end Perm (a), Table 3 ) and 2 (endPerm (b), Table 3 ), assume no change or contribution by methaneto the global climate change scenario, and with Brachratios(780and 476) well above those measured in modern and end Permiancounterparts. Clearly, the two-modeled parameters are outsidethe realm of possibility of the gas ratios measured in the endPermian brachiopods (Table 2 ). It is apparent that the inconsis-tency does not rest with the postulated CO2contents but withthe methane component, and consequently, alternatives to theconstant and static CH4composition must be contemplated.The third model parameters suggest conditions (end Perm(c), Table 3 ) equally unsatisfactory with proposed modern car-bon dioxide levels but an increased methane component sincethe postulated global GMAT (20.3•C) is quite insufficient totrigger a biotic crisis. Furthermore, pH level with this atmo-spheric parameter (8.28) was unlikely to cause great concernswith oceanic acidification, unlike the ones calculated for the firsttwo model conditions (7.64, 7.78, Table 3 ).It has been proposed that CO2may have varied for the endPermian between 1700 and 3500 ppm (Table 3) . With an atmo-spheric ratio of 27.8 based on the average brachiopod ratio of4.3 determined for the end Permian, we are able to determine themethane concentration during the end Permian. In this instance,CH4may have varied between a low of about 61 (pre-Pulse) anda high of about 245 ppmv (Pulse 2) with corresponding amountsof carbon dioxide (Table 3) . Global temperature and seawaterpH levels are sufficiently high and low, respectively, and withthese postulated gas parameters environmental conditions mightbe a challenge for terrestrial and marine life. [Digitare qui]
End Permian atmosphere
A detailed evaluation of the gas components and their trendssuggests that during pre-Pulse time the brachiopod CO2/CH4ratio was about 4.3, but during Pulse 1 it dropped to 3.3, andthen to 2.2 during Pulse 2 with recoveries in between (Fig. 7D,Table 3 ). Maintaining the appropriate ratios and modeled atmo-spheric concentrations of carbon dioxide, the methane contentof the atmosphere may have varied from a low of 61 ppmv dur-ing pre-Pulse time to 121 ppmv during Pulse 1 and increasedto possibly 245 ppmv at the onset of the biotic crisis (Fig. 7D, Table 4 ). Considering the global warming potential of both CO2and CH4, the Global Mean Air Temperature (GMAT) may havevaried from 29 to 34•C, which correspond well to within sev-eral degrees to water temperatures recorded by tropical endPermian shallow-water brachiopods from northern Italy (Brandet al., 2012) and Tibet (Garbelli et al., 2015) . The slight SSToffset may be related to differences in currents, habitat mor-phology and depths of these shallow water brachiopods. Overall the temperature impact by methane would be significant butof short duration because of its fast oxidation to carbon dioxide (Berner, 2002) as evidenced by the reversal in CO2/CH4ratio justbefore Pulse 2 (Fig. 7D) . In addition, the determined pH valuesof 7.85-7.69 are sufficiently low to suggest some acidificationof seawater during this critical time period (Table 3) .
Green House Gas (GHG) compositions for pre-Industrial and modern time (Le Treut et al., 2007) and during the end Permian transition with equivalent atmospheric contents related to CO2/CH4 gas ratios (geometric mean) in brachiopod calcite archives (Tables 1, 2 ) and to concurrent global mean annual temperature (GMAT, •C), seawater pH, and brachiopod-based oxygen-isotope end Permian temperatures (BoT). Note: end Perm (a) -end Permian boundary conditions for CO2and CH4(ppmv; Kiehl and Shields,2005, Table 1 ), modeled ratio*; end Perm (b) crisis CO2conditions from stomatal indices (Retallackand Jahren, 2008) , end Perm (c) -atmospheric CO2and CH4(ppmv) compositions based on end-Permian brachiopod CO2/CH4gas ratio (Table 1, Appendix); end Perm (d1, d2) -atmospheric CO2based on various sources (e.g., Berner, 2002 Berner, , 2006 Brand et al., 2012) and CH4(ppmv) compositionadjusted to maintain the end-Permian material-based CO2/CH4gas ratios; for pre-Pulse and Pulses 1and 2 stratigraphic locations see Fig. 5 ; numbers in RED -calculated parameter, Green - Table 1 ,and Blue - Table 2 . Note: pP -pre-Pulse, P1 -Pulse 1, P2 -Pulse 2. [Digitare qui]
Methane source
The question arises: is the emission of gas from Siberian Trapvolcanism sufficient to cause both the exacerbated warming andnegative carbon isotope shift experienced during the end Perm-ian (Fig. 8a) ? The answer on both accounts is in the negative (e.g., Berner, 2002; Retallack and Jahren, 2008; Brand et al.,2012) , and thus a new question must be posed whether there issufficient methane stored in permafrost and marine sediment,upon release, to cause a major perturbation of the global car-bon cycle with subsequent warming and its accompanying nCIE (Fig. 8b) . If the amount of methane in the atmosphere varied from61 to about 245 ppmv based on gas measured in end Permianmarine carbonates (Table 4) , we should be able to determine theamount of stored isotopically light methane that would need tobe released from these two reservoirs. With about 2800 Gt ofC stored in the two major sinks of marine sediments and per-mafrost today (Kvenvolden, 1988; Boswell and Collett, 2011) , and under present climatic conditions there has been a minisculerelease of 0.1% methane hydrates over the last 100 years frommarine sediments amounting to an atmospheric contribution of1125 ppbv CH4 (Table 4 ; Ruppel, 2011) . We performed simplemass balance calculations of methane release for a period of100 years and distributed these evenly among the permafrostand marine sediment reservoirs of methane hydrate. During thepre-Pulse stage atmospheric methane attained a level of about61 200 ppbv (Table 4 ) and when combined with the emissionrate of 1125 ppbv/100 years equal to 0.1% from methane hydrategives a contribution of about 2.7% and 4.9% from the marinesediment and permafrost reservoirs, respectively, for a total massof about 98 Gt C/100 years (Table 4) . For Pulse 1, the amount ofmethane released would have been equivalent to about 5.4 and9.7%, respectively, for a total contribution of 193 Gt C/100 years (Table 4) . For Pulse 2, the amount of methane released wouldhave been equivalent to about 10.9 and 19.6%, respectively, fora total contribution of about 392 Gt C/100 years (Table 4) . Thesecontributions equate to yearly rates ranging from 1.0 to 3.9 Gt C(CH4), which are similar to emission rates of 0.8-2.1 Gt C/y cal-culated for C-isotope depleted carbon dioxide derived from theexperimental metamorphism of carbon rich sediments (Svensenet al., 2009 ). This process would be coeval to the release of gas bythe Siberian Traps and not limited to just the 'end' of the Perm-ian just slightly preceding the biotic event, and furthermore, it isnot supported by the rapid onset of the well-documented nCIE (Figs. 1, 7) . It is clear from our discussion and the extensive literaturethat warming of the Earth was caused by carbon dioxide emis-sion during Siberian Trap volcanism (Fig. 8) . Eventually withmajor and sudden release of methane from hydrate during the end Permian, global temperatures reached levels detrimentalto marine and terrestrial life, and its oxidized product (highlynegative carbon dioxide) caused the prominent negative car-bon isotope excursion documented in many global marine andterrestrial sequences (cf. Berner, 2002; Schneebeli-Hermannet al., 2013) . Thus, the gas contents of inclusions measured inmarine carbonates from the end Permian support the conceptthat methane released from permafrost and marine sedimentswas the major cause for the greatest biotic crisis (Fig. 8) .
Conclusions
Biogenic and abiogenic carbonates from the end Permiansuccession in northern Italy carry inclusion gases that formed innormal atmospheric equilibrium between the ambient seawaterand atmosphere. Gas measured in inclusions suggests two pulsesof methane emission before the end Permian mass extinctionevent.Carbon dioxide derived from Siberian Trap volcanism with its 13 C value of about −6‰ would bring about a warming of about6•C and a shift in marine carbonate 13 C values by about −2‰.The rapid addition of isotopically lighter methane (∼−60‰) tothe global atmosphere and hydrosphere would bump up the aver-age global temperature to well above 29•C, and after oxidationthe 13 C signature in marine carbonates would record carbonisotope compositions ranging from −2 to −7‰.The emission of carbon dioxide from volcanic deposits mayhave started the world onto the road of mass extinction, but itwas the release of methane from shelf sediments and permafrosthydrates that was the ultimate cause for the catastrophic bioticevent at the end Permian.Our observations on the global warming process, such as therelease of massive amounts of carbon dioxide and subsequentlyfollowed by methane from hydrates, and their impacts on lifeduring the end Permian may have important lessons for humanityand the problems associated with climate change in the 21stcentury.
